Abstract--Part of the motivation for the continued interest in the chemistry of ruthenium and osmium ammines arises from the fact that the 2+ oxidation states show a very high affinity for n acid ligands, this affinity being maximum when only one n acid ligand is present and the remaining ligands are saturated. The complexes provide an opportunity for the systematic study in the octahedral case of the effect of the metal center on the properties of the n acid ligand, and of the effect of the n acids on the auxiliary ligands.
Abstract--Part of the motivation for the continued interest in the chemistry of ruthenium and osmium ammines arises from the fact that the 2+ oxidation states show a very high affinity for n acid ligands, this affinity being maximum when only one n acid ligand is present and the remaining ligands are saturated. The complexes provide an opportunity for the systematic study in the octahedral case of the effect of the metal center on the properties of the n acid ligand, and of the effect of the n acids on the auxiliary ligands.
A large number of n acid ligands which are not particularly nucleophilic toward dipositi~e ions of the first transition series replace H 2 0 from [Ru(NH3)sH20l 2 in water as solvent to produce the respective pentaammine complexes. The list of such ligands includes N2 , N20, (CH3)2S, (CH3)2Te, (R0)3P. Because of the instability of [Os(NH3)sH20l to oxidation, indirect methods for preparation of the desired species are resorted to for Os(II). Equilibrium data are presented which contrast the affinity pattern for Ru(II) on the one hand with that shown by a typical dipositive ion of the first transition series.
The strong electron-withdrawing effect of the n acid ligands is documented by data showing their effect on the acidity of H 2 0 as an auxiliary ligand. The electron withdrawing effect is manifested also in a much reduced affinity for other n acids, and a much reduced rate for substitution of H20 as an auxiliary ligand by an incoming nucleophile. Data are also outlined which document the increased electron density on the n acid ligand caused by the interact!on with the pentaammine groups. These effects are enormous for Os(NH3) 5 2 : thus coordination of this group to pyrazinium ion decreases the acid strength of the ligand by almost 7 powers of ten.
Some features of the ch;mistry of the 3+ states are also commented on, The fact that Ru(NH3)5 3 has a low spin d 5 electronic state manifests itself in placing the ligand-to-metal charge transfer transitions for Ru(III) complexes at energies often much lower than the d-d, and in significant ground state stabilization by ligand-to-metal charge transfer. The facile linkage isomerizations noted for Ru(III) may also be directly related to the feature of electronic structure referred to.
INTRODUCTION
A dichotomy of interests exists in the field of coordination chemistry, which has been quite detrimental to its development. Those who were trained in the more traditional descriptive chemistry which emphasizes saturated ligands have tended to limit their research to them. On the other hand, the rapidly growing area of organametallic chemistry has attracted many who began to work in this field with but little exposure to the more traditional lore. Unfortunately, the subject matter of coordination chemistry readily lends itself to this dichotomy. The preparative methods of organametallic chemistry owes little to the kind of procedures which were used in elaborating the chemistry of cobaltammines, for example. Unsaturated or n acid ligands play a central role in organametallic chemistry, but the metal carbonyls, though known for many years, were regarded as a class apart by those exposed to the traditional training in coordination compounds. Very little chemistry was recognized as constituting an interface between the behavior of saturated vs unsaturated ligands, and 901 this situation has a natural chemical basis. Metal ionssuch as Co(III), Ru(III), Ir(III), Cr(III), Pt(IV), which, because they form robust complexes, provided the experimental foundation for the principles of traditional coordination chemistry, do not tend to make stable complexes with ~ acid ligands. Such ligands, however, stabilize low oxidation states and organometallic, in cantrast to traditional coordination chemistry, involved mainly metals in low (2+ or lower) oxidation states at least in the early stages of its growth.
Historically, the chemistry of Cu(I) did provide an interface between saturated and unsaturated ligand behavior. In spite of a high effective nuclear charge, Cu(I) because of its low oxidation state, has a high affinity for ~ acid ligands, among them carbon monoxide. However, the complexes tend to be labile, and as a result, systematic studies of the chemistry, these presupposing detailed knowledge of structure and composition also in solution, are severely hampered. The chemistry of platinum(II) has provided and continues to provide an important and extensive interface between saturated and unsaturated ligand chemistry. Observations on formation and properties of PF3 complexes (Refs, 1& 2) played a crucial role in generalizing the concept of back-bonding and in applying the expanded views to preparative chemistry. More recently, the results of measurements of the affinity of Pt(II) ammines with a water soluble phosphine have been reported (Ref, 3) . Extensive though the overlap between saturated and unsaturated ligand chemistry is for Pt(II), the area of overlap is being greatly expanded by research an the chemistry of Ru(II) and Os(II). Since octahedral rather than planar coordination geometry is dealt with, the results complement those which have been obtained with Pt(II). Also, it should be mentioned that the effects of backbonding are more striking for Ru(II) than for Pt(!l) (note for example the formation of an N 2 complex by the direct reaction [Ru(NH3) 5 0H2l 2 +.N2) (Ref, 4) and are more striking for Os(II) than they are for any other metal ion of the same oxidation state. These considerations provide at least in part the motivation for the effort being devoted to the new chemistry of.Ru(II) and Os(II).
The reasons for back bonding being so prominent in the chemistry of Os(II) and Ru(II) have been discussed at some length elsewhere (Ref. 5) . Historically, the discovery that directed so much interest to their chemistry was the ~~eparation of the first (Ref. A major, though not the sole theme of this article is to trace some of the consequences of back bonding in chemical behavior as they are manifested in complexes of Ru(II) and Os(II). The effects are greatest in complexes in which the auxiliary ligands da not compete for ~ electron density. The simplest systems then to begin with would be those in which the auxiliary ligands are saturated, and among these NH3 is the first choice because (i) the dominant bonding mode being a a interaction, it is the simplest ligand to understand and (ii) it tends to undergo substitution less readily than doeffi any other saturated ligand. Ligands which are both a donors and ~ donors are of course also of interest, and such ligands can in fact enhance back bonding between the central metal and a ~ acid ligand. Their systematic study is also under way, and some of the results obtained with them will be referred to. Having fixed upon the 2+ ions of the iron group, a point of immediate interest is the comparison of the back-bonding propensity for the members of the group. Unfortunately, few camparisans can be made which encompass the whole group. A difficulty is that Fe(II) tends to make high spin complexes except with ligands of high field strength, and few sturlies have been carried through with such ligands which bear on the point at issue. One such study (Ref.8) in which the proton affinity of Cp2M was measured for the group suggests that this affinity decreases in order from Fe to Os and this in turn suggests that the radial extension of ~d electrons decreases in the series Fe to Os. Such a conclusion is strongly at variance with that which will be reached on the basis of numerous camparisans in the pentaammine series, at least for Ru compared to Os.
No extensive studies have been made for the purpese of ceroparing a ruthenium(II) species _ with a low spin iron(II) center in the same environment. However, the capacity [Fe(CN)s]3-has for back bonding interactions has been explored especially by Toma, Malin, Giesbrecht (Ref. 9) and coworkers. T~ a remarkable degree, the observations parallel those which have been made for [Ru(NH3)sl 2 , As a case in point, in Fig, 1 
PREPARATION OF PENTAAMMINE DERIVATIVES
The value of E 0 for [Ru(NH3)5H20] 3 +/ 2 + is 0.06 (Ref. 10) , which is high enough so that the 3+ ion can be reduced by H2 over Pt, should this be the method of choice, but low enough so that preparations must be carried out with exclusion of oxygen. The half-time for the aquation of NH3 in [Ru(NH3)5H20l 2 + is about a day in neutral solution (Ref. 11) but becomes shorter when the solution is made acidic. The 1ability of the coordinated water is much higher, and, as a result, the pentaammine derivatives can conveniently be prepared by reaction in water as a solvent when the affinity of the ligand for Ru{II) is high enough. This is the case for N2 (Ref. A method based on the oxidation of [Os(NH3)5N2l 2 + using the silver salt of an indifferent anion in a poorly nucleophilic solvent, Sl, has proven s~fcessful for the preparation of a number of complexes (Ref. 25) . In this preparation, [Os (NH 3 ) 5 Sl) is an intermediate and at least nitrogen heterocyclics convert the solvent-containing complex to the corresponding complex of the heterocyclic ligand L. When L is a rr acid, the 2+ state can readily be generated by reduction.
ABSORPTION SPECTRA
A property of the Ruii(NH3) 5 Ln and Osii(NH3)5Ln combinations (Ln represents an unsaturated ligand) is that they feature absorption bands ascribable to transitions involving rrd and rr* levels (Ref. 7) . For N-heterocyclic ligands, at least when these are good rr acids, the absorption bands occur in the visible and have high extinction coefficients, of the order of 104. Data for a series of complexes are summarized in Table I . It is to be noted that as the electron withdrawing power of the unsaturated ligand is increased the rrd -rr* absorption for the Ru(II) complexes moves .to lower energies. This is to be expected if the ground state orbital is mainly metal centered, and thus the excited state is mainly ligand in character. The relatively small change observed on the protonation of pyrazine when ligated to Ru(NH3) 5 2 + compared tothat attending protonation of the same ligand on Fe(CN) 5 3-has already been pointed out. Protonation is of course expected to increase the electron withdrawing power of the ligand, and if the metal rrd orbital lies lower than the rr* orbital, protonation is expected to shift the rrd -rr* transition to lower energies. In the light of these considerations, the fact that protonation of [Os(NH3)5pz] 2 + causes a shift in the opposite direction is noteworthy.
Zwickel and Creutz (Ref. 27 ) have treated the rrd -rr* absorptions shown by the N-heterocyclic complexes. For any heterocyclic, the absorptions for the pentaammines, the cis and trans tetraammines constituting a total of 4 independent data (1, 2 and 1 band(s) respectively) are correlated by two parameters: S, the exchange integral, t2giHirr* and o, the difference in energy between the unperturbed rrd and rr* levels. For the osmium ammines, data for the bis substituted species have not been obtained but the mono substituted ones show two absorptions (Ref. 26) which then makes it possible to extract values for the same two parameters. The results for pyrazine and pyrazinium ion as ligands are summarized in Table 2 .
The increased value of S for the pyrazinium compared to the pyrazine cgmplex and the fact that in the former complex, the rrd and rr* levels approach in energy can be taken to be the cause of the anomaly noted in Fig. 1 . The formal analysis, as intuition would suggest, shows that on protonating the osmium complexes, the rr* level lies below that of the rrd metal level, so that now the ground state orbital has more ligand than metal character, The large transfer of electron density from metal to pyrazine which this implies is documented by equilibrium data to be introduced presently. The situation that protonation shifts the ~d -~* absorption to higher energies has been realized also for Ru(NH3) 5 25) are presented, because the analysis was first carried through for the former. In both systems protonation of pyrazine shifts the absorption to higher energies, so that both have this significant feature in common.
Two additional points relating to the Zwickel and Creutz treatment of the absorption spectra remain to be made. The values of ßö in Table 2 represent the differences in the energies of ~* levels for pyrazine and pyrazinium ion, and if the theory were strictly applicable, ßö for the Ru and Os systems would be the same. The agreement is close enough to be gratifying but not so close that the difference can be dismissed as experimental error. Finally, it should be noted that using the Zwickel and Creutz treatment the change in the energy for a ~d orbital when it interacts with the ligand can be calculated, and thus also the contribution of back bonding to stabilizing the metal-ligand combination. The estimate thus made for pyridine as ligand, ca. 4 kcal/mole is in fair agreement with estimates arrived at in other ways (Ref. 28).
EQUILIBRIUM STABILITIES
In Table 3 the affinities of H+ , Ni(H20)s 2 + and Ru(NH3)5 3 + for a series of ligands as measured by the equilibrium quotients for the replacement of coordinated water by the ligand are shown: (e) From the change in the acidity of pyrazinium ion when Ru(NH 3 ) 5 2 + is coordinated to it (vide infra), the affinity of pyrazinium ion for Ru(II) is known to be approximately 10 2 that of pyrazine.
The results show that Ni 2 + (aq), which can be taken tobe fairly representative of a 2+ ion of the first transition series, showsrelative affinities much like H+, but because of the lower ionic potential they change much less markedly as the a basicity of the ligands decrease. By contrast, the affinity of Ru(II) for the ligands increases as the base strength decreases. The operative factor, however, is not the decrease in cr base strength along the series, but the fact that in the series as selected the ~ acidity increases as the cr base strength decreases. The data of Table 3 put on a quantitative basis the implications of the successful preparation of complexes of Ru(NH3)52+ with ~ acid ligands from [Ru(NH3)5H20l 2 + in aqueous solution. Additional data of this kind are summarized in Table 4 , but in this case they centrast the affinity patterns for Ru(II) with Ru(III). The general experience with Ru(III) isthat the stabilities of its complexes owes little to back donation, and this Supposition is borne out by the entries in Table 4 . These effects are of course directly reflected in the redox potentials for the various couples which therefore span a range of more than 1.5 V. Of specific interest is the evidence that thiophene isarather poor ligand for both Ru(II) and Ru(III), though better for the former than the latter.
No work paralleling that shown in Tables 3 and 4 has thus far been done with Os(II). However the effect on the 3+/2+ redox potential of substituting H20 in the aquopentaammine complex by a ~ acid ligand does lead to some estimate of the affinities for Os(II). When isn is the ~ acid ligand, the potential of the 3+/2+ couple for Ru(NH3) 5 increases by 0.38 V., but for Os(NH 3 ) 5 the increase is 0.49 V. The affinity of isn for Os(III) can be assumed tobe at least as great as for Ru(III) (see later section) and thus the affinity of isn for Os(II) is about 102 timesthat for Ru(II), or greater than 10 1 0.
THE EFFECT OF THE METAL IONS ON THE LIGANOS
The principal concern in this section will be with ~ acid ligands, but to provide a setting for these results, data for H20 as a typical saturated ligand, and for its congener H2S, interesting in its own right, will be shown. is also much greater than those for 2+ aquo ions of the first transition, most of which are less than 10. While the increase in pK for H28 in coordinating to Ru(NH3)5 2 + is slightly greater than it is for H20, this resultamust be taken in the context of the fact that 8 as a center is much more sensitive to an inductive effect than is H20. Table 6 features data on the effect which coordination to Ru(II) and Os(II) has on the proton acidity of the ~ acid, pyrazinium ion (pzH+), . Of interest in the second column of the table is the increase in pK registered for the ligand in coordinating the dipositive center Ru(NH3)5 2 + to it. Eveft in this case, the effect of back bonding in transferring electron density from metal to ligand more than compensates for the inductive effect of the dipositive charge. In the case of Os(II) the basicity of pyrazine is increased almost seven orders of magnitude on coordination! This large effect is in harmony with the observations on the spectra which place the ~* level for pzH+ below that of a ~d orbital on Os(II). Thus the ground state orbital in [Os(NH3) 5 pzH] 3+ has more ligand than metal character. This relation is manifested also in the pK values for the charge transfer excited states which can be calculated from the shifts in bana maxima on protonation of the ligand and pK for the ground state. The entries in column 3 do not refer to equilibrated states, but rath~r represent what might be called Franck-Condon values and may differ from the equilibrium ones -these allow for changes in nuclear ~vordinates after excitation-by as much as 2 pK units. Nevertheless, they suffice to demonstrate that in the case of Os(II)pzH+, because the ground state has more ligand character than the excited state, pK decreases on excitation while the reverse is true for Ru(II). The entry for Ru(III) measures the effect of charge transfer on acidity in the absence of back bonding, the excited state in this case being more basic than the ground state by ca. 14 
units in pKa'
The results of measurements of acidity of coordinated 802 are summarized in Table 7 . Back bonding is expected to be greatest for S02 and to diminish as the negative charge an the ligand increases. In aceerd with this, while for pK1 back bonding to Ru(NH3) 5 2 + more than compensates for the inductive effect of the 2+ charge, the reverse is true for pK2. As when pzH+ is the ligand, the effect of Os(II) in stabilizing the streng TI acid so 2 is very great, in this case requiring the pH tobe raised to 7.0 before coordinated so 2 is converted to coordinated HS03 (or so 3 2 -). Ruthenium in the 3+ state shows the expected inductive effect of its charge and it decreases the basicity of coordinated S(IV) to the point that the S03 2 -form persists even at very high acidities.
The stabilization of S02 an Ru(II) extends also to the rate of hydration. This rate for the free ligand is 3.4 General preparative experience (Refs. 45 & 46) with complexes in which pyridine replaces ammonia at least in part, however, does suggest that the affinity for Cl-is greatly enhanced by such replacement. Since a TI acid is electron withdrawing, it favors the attachment to the metal center of OH-over that of H20 -· hence the effect an acidities -but by the same token, it is expected to decrease the affinity of another TI acid for the metal center. This kind of effect has frequently been encountered but mainly in qualitative experiments. In that category is the experience that an replacing a single NH3 in [Ru(NH3)sH20l 2 + by pyridine, no trace of a dinitrogen complex is observed when the resulting species is brought into contact with N2 at 1 atm.
There are no quantitative experiments which unambiguously bear an the issue, but a number of quantitative results have been obtained with S03 2 -or P(OEt)3 trans to the TI acid ligand.
Typical of them is the following: while the e~uilibrium quotient governing the reaction of isn with trans-[Ru(NH3)4(S03)H20l is 3.8 x 10 (Ref. 16) , for the reaction with aquopentaammine complex it is in excess of 108 (Ref. 33}. The point that neither S03 2 -nor P(OEt)3 are representative of simple TI acid ligands needs to be made, and will be further elaborated presently, and quantitative experiments with ligands such as pyrazine are needed.
Lacking a detailed understanding of the activation process for substitution, it would be impossible to predict from the equilibrium effects how TI acid ligands affect rates of substitution. The very effects which lead to a strengthening of bonds might be enhanced in the activated complexes for reaction and thus lead to rate increases. ~Nor can experience with square planar complexes be a guide: there is no reason whatever why the energy differences between reactants and activated complexes need be the same for square planar and octahedral complexes. The redetermination by Bottomley (Ref. 47) of the structure of a salt of pentaamminenitrosylruthenium(II) did much to erase misconceptions about the labilizing effect of nitrosyl, and by inference then, of other ~ acid ligands on the coordination sphere of hexacoordinated ruthenium(II). There is no structural basis for an abnormal lability of NH3 trans to NO+ and Bottomley suggests that the rather facile replacement of NH3 trane to NO+ by OH-is a result of conversion of No+ to N02-and labilization by N02-· In fact it has been shown (Ref. 48 ) that for a large group of ligands which can be characterized as good ~ acceptors and moderate to indifferent a donors, the lability of water coordinated to ruthenium(II)ammine is diminished as the ~ acid character increases. The latter property can be gauged at least approximately by the extent to which Ru(II) is stabilized over Ru(III) and is thus reflected on the values of the ffdox potentials. Figure 2 shows data on the rate of substitution of H20 in ais or trans Ru (NH3)4(L)H20 by isonicotinamide as a function of Ef for the Ru3+;Z+ couple. A rather good correlation over a wide range in lability exists, w1th not much difference between ais and trans forms. A monotonaus relationship of the kind observed is expected if bond breaking is important in the activated complex for Substitution and if the mechanism does not change abruptly throughout the series. The relationship is of course not direct; both rates and values of Ef depend on the back bonding capacity of the ligands. Linkage isomerization occurs with great facility on Ru(III) (N-bound to C-bound imidazole has already been mentioned as an example). That this is the result largely of the electron hole in the nd levels rather than being attributable to the general tendency for substitution at 3+ ions of the 2nd and 3rd transition series to involve some bond making in the activated complexes is shown by the fact that the nitrite-nitro conversion on Rh(NH3) 5 Though back bonding between the n acid ligands which have been considered and Ru(III), as has repeatedly been asserted, appears not to be an important interaction, it seems to be significant for Os(III). Backbonding on Os(III) has thus far been investigated only for N2 as the n acid, and some of the evidence accumulated on the issue will now be outlined (Ref. 56 ).
In attempting to apply to osmium ammines the remarkable Pell and Armor (Ref. 57) reaction we found that once a single NH3 in Os(NH3)6 3 +(Ref. 58 ) is replaced by halide ions, the concentration of alkali required to bring about the necessary deprotonation of a coordinated ammonia is impractically high. But to our surprise, the diazotization is found to proceed in acidic solution with HN02, producing dinitrogen complexes of Os(III) which can be isolated as solids. The reaction has been shown to proceed stepwise, the first step being oxidation of Os(III) to Os(IV):
Os(NH3)4Cl2+ + HN02 + H+ = Os(NH3)4Cl2 2 + + NO + H20
Osmium(IV) is quite acidic, and deprotonates adequately even in acid solution for the diazotization by the NO which is produced to succeed. The two stages can be uncoupled, by first producing Os(IV) using any suitable oxidizing agent, and then treating the Os(IV) product with NO. Application of this reaction to a variety of starting complexes and in succession to some of them, has led to a number of new osmium species of which the dinitrogen complexes of Os(III) only are germane to present purposes.
In the absence of back-bonding, Os (III) would be expected to increased the N = N Stretching. frequency; an effect of this kind has been observed for Ru(NH3)5~+ coordinated to a nitrile (Ref. 12). The substantial decrease in the N=N Stretching frequencies caused by Os(NH3) 5 3 + suggests that back bonding is quite significant for it. Continued replacement of NH3 by halide ion lowers the N 2 stretching frequency still further, the decrease pointing to an influence of n electron donors on the back bonding capacity of the metal center. Iodide ion, it should be noted, is more effective in this respect than is chloride ion. In Table 8 are summarized results on the N=N Stretching frequencies for a series of dinitrogen species which afford some instructive comparisons: In all likelihood, HN02 oxidizes the osmium complex to the 3+ state, which then is acidic enough to make reactions of NO with coordinated NH2-possible.
CONCLUSION
Only a little has been said in the foregoing on the subject of the effect of coordination on the ease of transforming the ligands themselves. The systematic control of such reactions is the long range goal of the kind of sturlies which have been outlined. This is not to say that the effects which have been dealt with -for example, the influence of the metal ion on equilibrium properties of the ligands, and of the ligands on each other-are not important and interesting in their own right. But the research should not stop with these issues. The control of kinetic reactivity is central to a chemist's concern and coordination chemistry has an important role to play in this art, which it is hoped can be developed into a science. The effects which have been dealt with involve largely ground state properties but are unquestionably important also in affecting stabilities of activated complexes. A large nurober of observations dealing with the transformation of the ligands, only a few of which have been mentioned, have already been encountered. This phase of the subject will undoubtedly increasingly be emphasized and increasingly will undergo systematic development as the questions basic to understanding it are being settled.
